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1. Introduction

An investigation of the bio-optical properties of the South Atlantic subtropical gyre
(SASG) was conducted using data primarily from the UK Atlantic Meridional Transect
(AMT) program and SeaWiFS.  The AMT cruises extend from the UK to the Falklands
Islands (sailing on the RRS James Clark Ross) with the purpose of improving our
knowledge of surface layer hydrography, biogeochemical processes, ecosystem dynamics
and food webs across basin scales in the Atlantic Ocean [Aiken et al., 2000].  Two
objectives of the AMT program relevant to this study are the characterization of
biogeochemical provinces and the analysis of optical and pigment parameters in
connection with remote sensing ocean color data.  

The primary focus of this NASA Technical Memorandum is on the variability of the
vertical distribution of phytoplankton pigments and associated absorption properties
across the SASG, and their relevance to remote sensing algorithms. Therefore, a subset of
the AMT data within the SASG from all available cruises was used in the analyses.  One
of the challenges addressed here is the determination of the SASG geographic
boundaries.  One of the major problems is to reconcile the properties of biogeochemical
provinces [Longhurst et al., 1995] with the boundaries of physical provinces [Hooker et
al., 2000b].  We use water mass analysis, dynamics of ocean currents, and meridional
gradients of bio-optical properties, to identify the SASG boundaries.

The variability of the sea-air pCO2 difference (∆pCO2) and corresponding CO2 flux
are also analyzed in this TM.  Atmospheric and oceanic pCO2 were measured
continuously [Lefevre and Moore, 2000] along an AMT transect (50oN-50oS) in
September-October 1995 and 1996 (UK to the Falklands Islands) and in April-May 1996
(Falklands Islands to the UK).  Based on data from these three AMT cruises, and data
from two other cruises (M/V Prince of Seas sailing from UK to Jamaica and RMS St.
Helena sailing from UK to South Africa), Lefevre and Taylor [2002] developed a pCO2
algorithm for the North Atlantic and South Atlantic gyres.  We used the pCO2 algorithm
to estimate the seasonal variability of ∆pCO2 and sea-air CO2 flux in the SASG.

2. Data Sources and Methods

A variety of data sources were used in this study.  However, the major sources
were the AMT cruises and SeaWiFS data.  The AMT cruises (Table 1) provided the bulk
of the in situ data analyzed.  These included CTD and XBT data, nutrients, pigments, and
apparent optical properties (AOP) of seawater covering the majority of the SeaWiFS
channels. The only pigment analyzed in this study is the total chlorophyll a, defined as
TChl a = [chlorophyllide a + divinyl chlorophyll a + chlorophyll a]. Other ancillary data
sets were used to complement the analyses.  Climatological temperature and salinity data
from the World Ocean Atlas 98 (WOA98) [Conkright et al., 1998] were used to derive
dynamic height and geostrophic currents.  WOA98 salinity data were used for calculating
CO2 solubility and weekly SST global fields [Reynolds and Smith, 1994] were used in
conjunction with the pCO2 algorithm. Long records of atmospheric CO2 (Atm_pCO2) are
not available for the South Atlantic.  Therefore, monthly 10-year records (July 1991 –
December 2001) of atmospheric pCO2 concentrations from the CSIRO GASLAB flask
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sampling network in the South Pacific, were used to produce weekly Atm_pCO2
interpolated in latitude at 1o resolution to conform with the SST grid.  The secular trend
of atmospheric CO2 does not change significantly throughout the Earth’s atmosphere, but
the seasonal cycle does.  However, meridional gradients of atmospheric CO2 over the
ocean are much larger than zonal gradients due to the dynamics of the atmospheric
circulation [Craig et al., 1998].  Therefore, the zonal extrapolation of the atmospheric
CO2 records from the South Pacific to the South Atlantic is appropriate.  Data from three
Australian stations were used: Cape Ferguson (19o17’S, 147o03’E), Cape Grim (40o41’S,
144o41’E), and Macquarie Island (54o29’S, 158o58’E).  These data were downloaded
from the Carbon Dioxide Information Analysis Center (CDIAC) web site
(cdiac.esd.ornl.gov).

Five-day global SSM/I winds (July 1991−December 2002) were used to derive
gas transfer coefficient values for the calculation of sea-air CO2 flux.  Monthly
climatological winds from the NCEP/NCAR Reanalysis Project were used to calculate
Ekman pumping and Ekman drift. 

Table 1.  Summary of parameters observed (Station=ST and Underway=Undwy) on AMT cruises. Not all
parameters were analyzed in this study.

Cruise Dates
(0o to 40oS)

Observed Parameters

AMT-1 Oct 8-22,1995 T,S (CTD and Undwy), T (XBT), ST Nutrients, Pigments
(ST&Undwy), PAR, Reflectances

AMT-2 May 9-20, 1996 T,S (CTD and Undwy), T (XBT), ST Nutrients, Pigments
(ST&Undwy), PAR, Reflectances

AMT-3 Oct 6-23, 1996 T,S (CTD and Undwy), T (XBT), ST Nutrients, Pigments
(ST&Undwy), PAR, Reflectances

AMT-4 April 23-May10,
1997

T,S (CTD and Undwy), T (XBT), ST Nutrients, Pigments
(ST&Undwy), PAR, Reflectances

AMT-5 Oct 3-14, 1997 T,S (CTD and Undwy), T (XBT), ST Nutrients, Pigments
(ST&Undwy), PAR, Reflectances

AMT-6B April 4-18, 1998 T,S (CTD and Undwy), T (XBT), Pigments (ST&Undwy),
PAR, Reflectances

AMT-6 May 15-31, 1998 T,S (CTD and Undwy), T (XBT), Pigments (ST&Undwy),
PAR, Reflectances

AMT-7 Oct 5-22, 1998 T,S (CTD and Undwy), T (XBT), Pigments (ST&Undwy),
PAR, Reflectances

AMT-8 April 27 - May
20, 1999

T,S (CTD and Undwy), T (XBT), Pigments (ST&Undwy),
PAR, Reflectances

AMT-9 Oct 2-12, 1999 T,S (CTD and Undwy), T (XBT)

2.1 Hydrography

The circulation and frontal zones of the South Atlantic Ocean, with the locations
of the AMT stations superposed, are shown in Figure 1.  The station locations for the
repeat cruises (AMT 1, 2, 3, 4, 5, 6B, 7, and 9) are shown parallel to the coast of South
America. These cruises were conducted during the austral fall (even numbers) and spring
(odd numbers).  Two other cruises were conducted only once during austral fall. Cruise
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AMT-6 went through the Angola Dome and the Benguela coastal upwelling system,
while cruise AMT-8 traversed the SASG far offshore.  This study focuses on the

 

Figure 1. The current system and frontal zones of the South Atlantic Ocean (adapted from Peterson and
Stramma, 1991).  The location of the AMT stations (AMT-1, 2, 3, 4, 5, 6, 6B, 7, 8, and 9) are superposed.
This study focuses on the westernmost AMT stations off the coast of South America, and is limited to the
latitude range of 0o - 40oS.

westernmost repeat cruises off the coast of South America, and it is limited to the latitude
range between the equator and 40oS, e.g., the subtropical gyre and its poleward and
equatorward circulation boundaries.  The analyses of the hydrographic and bio-optical
data collected during these cruises will be discussed in the forthcoming sections. 

The CTD stations were conducted every 500km on average and the maximum
sampling depth, within the latitude range analyzed here (0o – 40oS), never exceeded
200m.  The XBT data have much higher meridional resolution and deeper sampling
depths.  The average distance between XBT drops is 95km with a maximum sampling
depth of 760m. The vertical resolution of both XBT and CTD data is ~1m.

A net change criterion [Sprintall and Cronin, 2001] is used to derive the mixed
layer depth (MLD) as the depth at which:

d( MLD)= ( 0)
d

z z T
T
ρρ ρ= = − ∆ (1)
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where ρ(z=0) is the surface density (kg m-3), ∆T is the net change in temperature from the
surface (0.5oC), and dρ/dT is the thermal expansion coefficient (kg m-3 oC-1) calculated
from the equation of state of sea water using surface temperature and salinity values.

2.2 Optical Data Collection Methods, Calibration, and Derived Parameters

The calibration and validation of remotely sensed observations of ocean color is
an inherent objective of AMT cruises: first, by relating in situ observations of water-
leaving radiances, (λ)WL , to satellite measurements, and second, by measuring the bio-
optically active constituents of the water. The former was the reason for the emphasis on
measuring the apparent optical properties (AOPs) of seawater. The optical instruments
used were a mixture of traditional winch and crane designs and free-fall systems. The
advantage of the latter is they can be deployed far enough away that the light
observations are not contaminated by the presence of the ship.

All of the profiling instruments measured the upwelling radiance and downward
irradiance, (λ)uL and ( )λdE , respectively.  Some of the systems also measured the upward
irradiance, (λ)uE , and the global solar irradiance, (0 ,λ)dE + , was always recorded when
in-water data were acquired.  The evolution in the optical instruments and the validation
of their new capabilities is documented by Robins et al. [1996], Aiken et al. [1998], and
Hooker and Lazin [2000].  The spectral band set varied with some instruments, but all
sensors had a standard set of seven wavelengths that covered the majority of the
SeaWiFS channels: 412, 443, 490, 510, 555, 665, and 683 nm.

To ensure that the quality of the data were as accurate as possible, a concerted
effort was made to investigate the total uncertainty budget for a continuing series of
established, new, and refined instrument designs.  A comprehensive approach was
undertaken that included the following:

• The use of a portable light source, the SeaWiFS Quality Monitor (SQM), to
monitor the calibration stability of the instruments in the field [Hooker and Aiken,
1998; Johnson et al., 1998];

• Investigation of the uncertainties in the data processing scheme [Hooker et al.,
2001]; and 

• Intercalibration round robins to assess the uncertainties in the calibration process
[Hooker et al., 2002].

These inquiries not only concentrated on the diversity of in-water instruments, but
also on alternative methods for acquiring solar reference data. They also involved the
estimation of important ancillary measurements, like the uncertainties associated with the
determination of pigment concentrations using HPLC techniques [Claustre et al., 2003;
Hooker et al., 2000a].

The culmination of this extensive investigation of uncertainties was a
confirmation that the field measurements usually satisfy the SeaWiFS accuracy
requirements for calibration and validation activities [Hooker and Maritorena, 2000;
Hooker et al., 2003].  Although this result is primarily applicable to the water-leaving
radiances and their immediate by-products (e.g, the remote sensing reflectances or the
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normalized water-leaving radiances), most of the other potentially useful bio-optical
parameters are derived directly from the same basic measurement parameters:

• The photosynthetically available radiation (PAR) at the surface, PAR (0 )E + , the
in-water decay of which is used primarily to determine the depth of the 1%
light level (the so-called euphotic depth, Ze);

• The diffuse attenuation of seawater determined from the upwelled radiance
(KLu) or the downward irradiance (Kd);

• The mixed layer depth (MLD) and the value of PAR at the MLD, the so-
called penetration irradiance, PAR ( )eZE ;

• The depth of the chlorophyll maximum (DCM); and
• The chlorophyll a concentration ([TChl a]) determined by HPLC analysis and

by inverting the optical measurements with the OC4v4 algorithm.

3. South Atlantic Circulation and Subtropical Gyre Domain

The dominant feature of the South Atlantic circulation, as in other mid-latitude
ocean basins, is the anticyclonic flow around the subtropical gyre (see Figure 1 for main
South Atlantic circulation features).  However, a unique feature of the gyre-scale flow in
the South Atlantic is the strong influence of interocean connections [Reid, 1989]. At the
southern tip of South America, the South Atlantic Subtropical Gyre (SASG) acquires
cold sub-Antarctic mode water and Antarctic intermediate water from the Pacific Ocean
inflow within Drake Passage [Witter and Gordon, 1999].  Further north, strong frontal
features and energetic eddies are formed at the Brazil-Malvinas Confluence resulting
from the merging of sharply contrasting circumpolar and South Atlantic thermocline
waters [Peterson and Stramma, 1991].  At the southernmost coast of Africa, eddies shed
from the Agulhas Current Retroflection (ACR) and drift westward across the South
Atlantic near 30oS carrying Indian Ocean water [Gordon et al., 1992; Witter and Gordon,
1999].  These eddies feed blended water masses via the Benguela Current into the SASG
[Gordon, 2003].  The Benguela Current turns seaward as the South Equatorial Current
(SEC), which bifurcates at the South American coast near 10oS (Figure 1) in the surface
layer and near 25oS at Antarctic intermediate water depths [Witter and Gordon, 1999].
The northward flowing branch within the North Brazil Coastal Current (NBCC) crosses
into the Northern Hemisphere, providing a conduit for exchange between the South and
North Atlantic Oceans. The circulation along the coastal regions of western Africa also
interacts with the SASG.  Off the Angola coast, between 10oS and 15oS, there is a
cyclonic gyre that maintains the Angola Dome, a dome-like subsurface distribution of
hydrographic properties dynamically balanced by the cyclonic flow.  Strong wind
divergence along the coast drives the Benguela coastal upwelling system (top plate in
Figure 1).

The seasonal circulation in the South Atlantic is represented in Figure 2, which
shows the seasonal dynamic height and corresponding geostrophic currents derived from
the World Ocean Atlas 1998 [Conkright et al., 1998] hydrographic data.  The dynamic
height is integrated from 2000m to the surface.  No current vectors are plotted between 0o

and 5oS because the geostrophic balance breaks down near the equator where the Coriolis
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Figure 2. Seasonal dynamic height and geostrophic currents in the South Atlantic based on World Ocean
Atlas 1998 hydrography.  The dynamic height reference level is 2000 m.  The cross shows the location and
standard deviation of the climatological chlorophyll minimum location obtained from SeaWiFS data.  The
black lines are the AMT cruise tracks.

parameter vanishes.  Also, the narrow western boundary currents, i.e., the Brazil and
Malvinas currents, are not represented in Figure 2 due to the coarse resolution (1o) of the
temperature and salinity gridded fields. Two distinct gyres are present in all seasons, the
anticyclonic SASG and the Angola Dome cyclonic gyre (ADG).  The strength and size of
these gyres vary from season to season.  The SASG is larger and swifter during April-
June and smaller and weaker during October-December.   As the SASG expands, the
ADG contracts, and vice-versa.  The dynamic center of the region of maximum dynamic
height is centered near 30oS and 35oW-45oW during most seasons.  The cross in Figure 2
shows the location and standard deviation of the climatological (September 97 – August
02) chlorophyll minimum obtained from SeaWiFS data [McClain et al., 2003].  The
location of the chlorophyll minimum seems incoherent with the circulation as it lies in a
region of relatively strong currents (compared to currents further to the SE) and the
dynamic center of the gyre where the pycnocline (nutricline) is deepest. However, the
chlorophyll concentration should be more coherent with the shallow circulation within
the mixed layer (10-120m) and euphotic zone (~100m) depths rather than the much
deeper currents.  A different rendition of the dynamic height and geostrophic currents,
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using 500m as the level of reference, is provided in Figure 3.  This level of reference was
also used by Signorini [1978] to compute the volume transport of the Brazil Current near
23oS at ~10 Sv, in agreement with values obtained from more recent studies [Evans and
Signorini, 1985; Evans et al., 1983; Stramma, 1989].  

Figure 3. Seasonal dynamic height and geostrophic currents in the South Atlantic based on World Ocean
Atlas 1998 hydrography.  The dynamic height reference level is 500 m.  The cross shows the location and
standard deviation of the climatological location of the chlorophyll minimum obtained from SeaWiFS data.
The black lines are the AMT cruise tracks.

This shallower rendition of the geostrophic circulation seems more coherent with
the chlorophyll minimum location, which is now much closer to the maximum dynamic
height.  The 0/500m dynamic height distribution is very similar to the seasonal depth of
the 25.5 σt surface and the depth of the 2 µM nitrate concentration (not shown).  This σt
surface is chosen to be a proxy for the pycnocline depth and ranges seasonally from 160
to 180m.  The relatively small misalignment between the maximum dynamic height
(Figure 3) and the chlorophyll minimum location may be a result of spatially and
temporally sparse hydrographic data available to produce the seasonal climatology, as
well as the different time periods for averaging the SeaWiFS and hydrographic data sets.
The coarseness of the hydrographic data is evident by the absence of the narrow and swift
Brazil Current on the western boundary.  The seasonal contraction/expansion of the
SASG and ADG is also evident in Figure 3.  
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Figure 4. SeaWiFS seasonal chlorophyll climatology for the South Atlantic, with seasonal surface currents
(geostrophic plus Ekman drift) superimposed.  The white lines are the 0.1mg m-3 TChl a contours.  The
cross shows the location and standard deviation of the minimum climatological chlorophyll obtained from
SeaWiFS data.  The black lines are the AMT cruise tracks.

The seasonal chlorophyll climatology derived from SeaWiFS data is shown in
Figure 4.  The seasonal surface currents (geostrophic with reference at 500m plus Ekman
drift) are superposed.  The contours of the 0.1mg m-3 TChl a concentration (white lines)
are also plotted.  The surface currents and the TChl a spatial distribution are very
coherent.  Areas that are expected to be nutrient rich have TChl a concentrations greater
than 0.5mg m-3.  Along the west coast of Africa, offshore-directed currents transport
nutrients and phytoplankton from the Benguela coastal upwelling region and Congo
River mouth towards the interior of the gyre.  Northeastward surface currents along the
Subtropical Front (STF) near 40oS carry nutrient-rich waters from the Southern Ocean
northward into the gyre.  As the currents intensify towards the gyre interior (Figure 4,
July-September) more nutrients are entrained into the gyre and the size of the
oligotrophic region contracts [McClain et al., 2003]. 
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Figure 5. Seasonal climatology of Ekman pumping for the South Atlantic with seasonal surface currents
(geostrophic + Ekman drift) superimposed.  The cross shows the location and standard deviation of the
minimum climatological chlorophyll obtained from SeaWiFS data.  The black lines are the AMT cruise
tracks.

This mechanism of nutrient supply has been demonstrated for the North Atlantic
subtropical gyre [Oschlies, 2002a; Oschlies, 2002b; Williams and Follows, 1998] and can
be extended to the other gyres. The Ekman transport is directed towards the gyre centers
in all anticyclonic large-scale circulation systems, and the fringes of the subtropical gyres
interact with nutrient-rich water masses. 

The seasonal Ekman pumping is shown in Figure 5 with the surface currents
(geostrophic + Ekman drift) superposed.  The interior of the gyre is dominated by
downwelling, while in the regions of the ADG, the SEC, and Benguela Current, strong
upwelling is present in all seasons.  There is stronger downwelling extending from the
region of the chlorophyll minimum to the southeast region of the SASG where the curl of
the wind has its largest negative value in all seasons.  Despite the strong downwelling in
the gyre’s interior, chlorophyll concentrations can be as high as 0.2-0.4 mg m-3 inside the
gyre (see Figure 4 for Jul-Aug-Sep).  As previously mentioned, an important mechanism
for the transport of nutrients from the gyre fringes to its interior is the surface circulation
(geostrophic currents + Ekman transport).
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Figure 6. Seasonal transects of σt (black contours) and cross-transect geostrophic velocity (blue eastward,
red westward).  The reference level is 500m.  The regions of Ekman downwelling (we < 0) and upwelling
(we > 0) are separated by the downward vector on top of each transect.  The σt and geostrophic velocity are
derived from WOA98 [Conkright et al., 1998] temperature and salinity climatology at one-degree points
along the AMT cruise track.  The major currents are labeled SEC (South Equatorial Current), EUC
(Equatorial Under Current), and BFCE (Brazil-Falkland Confluence Extension, or South Atlantic Current).

The SASG is bound to the north by the southern branch of the SEC, to the south
by the South Atlantic Current (SAC), to the west by the Brazil Current (BC), and to the
east by the Benguela Current.  These oceanic currents are characterized by fronts
identified by strong horizontal density (dynamic height) gradients (see Figures 2 and 3),
which are regions of intense aggregation of biological activity.  Therefore, it is expected
to find intensified gradients of biomass along oceanographic fronts.  Seasonal transects of
σt, and cross-transect geostrophic velocity (cm s-1), are shown in Figure 6.  The σt and
geostrophic velocity (with reference to 500 m) were derived from WOA98 temperature
and salinity seasonal climatology [Conkright et al., 1998], at one-degree grid points along
the AMT cruise track.  The regions of Ekman upwelling/downwelling (±we) are shown at
the top of each seasonal transect, with the region of zero wind stress curl (we=0) indicated
by the vertical arrow, which changes seasonally between 7oS and 10oS.  The westward
SEC is clearly shown between the equator and 15oS, above the eastward Equatorial
Undercurrent (EUC).  The SAC, labeled as the Brazil-Falkland Confluence Extension
(BFCE), is centered near 40oS.  The SASG lies between the equatorial and subtropical
front current regimes, in a region characterized by Ekman downwelling in all seasons.  
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Figure 7. Spring and fall T-S diagrams from surface underway temperature and salinity observations.
Three water masses are identified following Hooker et al. (2000): A) the South Equatorial Current (1oN -
15oS); B) the South Atlantic Subtropical Gyre (15oS - 30oS); and, C) the Brazil Current (BC).  In the spring,
some of the BC water mass is diluted with fresher coastal water influenced by the La Plata River discharge.

These current systems are associated with very distinct water masses.  For the
purposes of this study, which has its main focus on remote sensing applications, the water
mass analysis that follows concentrates on the surface layer only.  The temperature-
salinity diagrams (T-S) for spring (AMT-1, 3, 5, 6B, 7, and 9) and fall (AMT-2, 4, and 8)
cruises, obtained from underway near-surface T-S observations, are shown in Figure 7.
The boxes labeled A, B, and C delimit the temperature and salinity ranges [Hooker et al.,
2000b] of the SEC, SASG, and Brazil Current, respectively.  The latitudinal extent of the
SEC, SASG, and BC water mass signatures along the AMT cruise track are, respectively,
1oN−15oS, 15oS−30oS, 30oS−35oS, but the surface T-S characteristics of the SEC and
SASG extend much farther offshore [Hooker et al., 2000b].  The knee on the T-S
diagram, identified by a sharp decrease in salinity with relatively small change in
temperature, separates the SEC waters from the saltier and colder SASG waters.  There is
a very tight T-S relationship for these waters, contrasting with the more scattered T-S
relationship within box C, especially during spring.  The water mass bounded by box C is
a mixture of tropical water from the Brazil Current and fresher and colder coastal waters.
During spring, the coastal waters are much colder and fresher, a result of elevated
freshwater discharge from the La Plata River, which affected the nearshore AMT stations
at 35oS.   The separation between the SEC and SASG water masses on the fall T-S
diagram is not as sharp as for spring.  This is mainly due to the inclusion of AMT-8 data,
which crossed the equator much farther east than the other even-numbered cruises, thus
sampling a much stronger upwelling regime.

The circulation and water mass distribution influence the biology of the SASG
region.  Figure 8 shows meridional chl a gradients derived from along-track SeaWiFS
seasonal climatology.  The gradients are very small in the gyre’s interior, while there are
abrupt changes at the gyre fringes shown by large jumps in the meridional gradients.  The
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meridional variability of the chlorophyll gradients is consistent with the location of the
fronts obtained from the analyses of T-S properties and geostrophic currents.   

Figure 8. Seasonal variability of meridional chlorophyll gradients from along-track SeaWiFS climatology.

4. Upper Ocean Properties

This section addresses the meridional variability of the upper ocean physical
properties and nutrient distribution based on the hydrographic (XBT, CTD, and nutrients)
and subsurface irradiance data from the AMT cruises.  The data are shown as individual
transects (σt and subsurface irradiance) and sorted and combined to produce transects for
the two sampled seasons, Austral spring (odd numbered cruises) and fall (even numbered
cruises).  The AMT cruises were limited to investigating only the spring and fall seasons
in the Atlantic because of the logistic program of the research vessel. Only the portion of
the cruise tracks covering the SASG and its poleward and equatorward boundaries (0o–
40oS) are analyzed.  Detailed descriptions of the AMT program, synthesis of data, and
identification of oceanic provinces (50oN–50oS) are provided elsewhere [Aiken and Bale,
2000; Aiken et al., 2000; Hooker et al., 2000b] and will not be reproduced here.
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4.1 Upper Ocean Vertical Structure

Figure 9 shows meridional transects of CTD-derived σt for spring (AMT1,3,5,7,9)
and fall (AMT2,4,6B). The σt = 25.5 isopycnal, which is defined as the pycnocline depth,
is shown as a thick white line in all transects.  The mixed layer depth is shown in all
transects by the thin white line.  The black vertical thin lines indicate the CTD casts. 

Note that the mean dates for the spring cruises (AMT-1, 3, 5, 6, and 9) are within
a few days apart in October of each year, while the mean dates for the fall cruises (AMT-
2, 4, 6B) differ by two weeks to one month (May 15, 1996; May 1, 1997; and April 11,
1998, respectively).   The differences in sampling time seem to be one of the reasons why
the density gradients between AMT-2 and AMT-4 within 32.5oS−40oS, and between
AMT-6B and AMT-2,-4 within 10oS and the equator, differ so much.  Therefore, some of
the interannual variability deduced from these transects are an artifact of sampling
different seasonal stages of the natural variability.
 North of 20oS the MLD is always shallower than the pycnocline in spring and fall.
The pycnocline is deepest (140–180m) near the center of the gyre (15oS–20oS).  In the
spring the pycnocline is ventilated to the surface within 25oS–40oS, with some noticeable
interannual changes. The ventilation zone reached its farthest northward influence (22oS)
in the spring of 1999 (AMT9), while in the spring of 1995 (AMT1) the ventilation zone
northward limit was farther south (27oS).   Differences in atmospheric forcing (surface
cooling and wind mixing) are probably the main cause for this interannual variability.  In
the spring of 1995 the MLD between 25oS and 35oS was much shallower (70–120m) than
in the spring of 1999 (120–180m) when vertical mixing was stronger.  The shallowest
mixed layer depths (~2m) occurred during AMT4, 6B, and 7.  These shallow mixed layer
depths in spring and fall occurred at the poleward edge (30oS–40oS) of the SASG where
there is significant seasonal heating, a large annual range in wind stress, and deep winter
mixed layers.  The solar heating and reduced wind stirring of spring can cause the upper
layer to become thermally restratified, which creates a shallow mixed layer separated
from the older, deeper winter mixed layer by a well-stratified thermocline.  The very
stable waters in the seasonal thermocline isolate the lower isothermal layer and prevent
further modification of its properties.  Therefore, the deep homogeneous layer
(thermostad) retains the water characteristics of its winter formation period and becomes
‘fossilized’.  This homogeneous layer is called the Subtropical Mode Water (SMW).
Studies of the SMW in the North Pacific have shown that the fossilized layers may be
subducted into the permanent thermocline via Ekman pumping and transported, retaining
their characteristic thermostad, with flow in the subtropical gyre [Bingham, 1992;
Hautala and Roemmich, 1998; Sprintall and Cronin, 2001; Suga et al., 1997]. 

Figure 10 shows meridional transects of XBT temperature and CTD temperature
and salinity for spring (AMT1, 3) and fall (AMT2, 4).  The XBT data are only available
from AMT 1, 2, 3, and 4 cruises.  Therefore, only CTD data from those cruises were used
for comparison.  As previously mentioned, the major distinction between the XBT and
CTD temperature transects is the horizontal spatial resolution and the limited CTD
sampling depth (200m).  The higher horizontal resolution of the XBT transects captures
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Figure 9. Meridional transects of density (σt) obtained from CTD stations during AMT1, 2, 3, 4, 5, 6B, 7
and 9.  The thick white line is the pycnocline depth while the thin white line is the mixed layer depth.

the relatively narrow SMW thermostad south of 35oS in both seasons, while the CTD
transects miss it entirely during the spring cruises, but partially captures it during the fall
cruises.  In addition, the MLD (thin white lines) and depth of the 20oC isotherm (Z20,
thick white lines) derived from the XBT data have more meridional variability than those
derived from the CTD data.  The Z20 is a proxy for the thermocline depth.  The CTD-
derived MLD is based on Equation 1, while the XBT-derived MLD was obtained as the
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first depth at which the temperature is 0.5oC less than the surface temperature.   Note that
in spring the MLD inside the gyre (~20oS) obtained from the XBT method is much
deeper (150m) than the MLD obtained from the CTD density (30m using Equation 1).
This shows the effect of the salinity barrier layer limiting the mixing depth. Within the
gyre domain, the MLD is always shallower than the Z20, except in the spring when the
Z20 is equal or shallower than the MLD in the subduction zone south of 28oS.  Near the
gyre center (maximum Z20 at ~15oS), the spring MLD (30m) is shallower than the fall
MLD (60m).  The mixed layer salinity reaches its maximum near the gyre center where
atmospheric moisture divergence reaches its peak.  Below the mixed layer salinity and
temperature are tightly correlated, as indicated by the similarity between the Z20 and
salinity contours. 

4.2 Penetrating Solar Radiation

The influence of penetrating solar radiation on the heat budget of the oceans has
been a topic of central interest in studies of ocean-atmosphere interactions [Carter
Ohlmann et al., 1996; Gildor et al., 2003; Lewis et al., 1990; Lewis et al., 1983;
Murtugudde et al., 2002; Siegel et al., 1995].  Solar radiation passes beyond the air-sea
interface, and through its vertical divergence can directly heat well below the ocean
surface.  Solar energy can penetrate beyond the base of the mixed layer, becoming lost to
immediate mixed layer heating and further sea-air exchanges.  The penetrative
component of solar radiation can vary significantly on synoptic to seasonal timescales
due to planetary solar cycles, mixed layer evolution, and changes in radiance attenuation
due to variations in algal pigment concentrations. 

Here, we analyze the meridional variability of penetrating solar radiation based on
the AMT spring and fall cruises.  The average rate that visible (PAR) solar radiation heats
the upper ocean (Radiation Heating Rate, RHR in oC s-1) of layer thickness equal to the
MLD is:

-
PAR PARE (O ) E (MLD)
ρ(MLD) MLD

RHR(MLD) =
pc

− (1)

where, EPAR(O-) is the PAR (W m-2, or J s-1 m-2) just below the surface, EPAR(MLD) is the
PAR that reaches the MLD (m) , ρ (kg m-3) is the water density, and cp (~4100 -1 o -1CJ kg )
is the heat capacity of sea water at constant pressure. Solar PAR profiles were obtained
along with various CTD casts, so MLD and PAR data are available to calculate RHR
(Equation 1).  However, PAR profiles were obtained at different times of day (but usually
around noon) and different cloudiness conditions throughout all the CTD stations.
Therefore, the PAR profiles need to be normalized by the value of PAR

-E (O ) for each
profile to obtain a consistent distribution of penetrating radiance along the AMT
transects.
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Figure 10. Meridional transects of XBT temperature and CTD temperature and salinity for spring and fall.
The thick white line is the thermocline depth and the thin white line is the mixed layer depth.
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Figure 11. Meridional variability of surface chlorophyll (top panel), and normalized downwelling sub-
surface PAR irradiance (bottom panel) from AMT-5 stations.  The dotted line on the bottom panel is the
mixed layer depth in meters.  The 0.01 isolume is the Z1% , or the euphotic zone depth.

Figures 11, 12, and 13 show normalized PAR transects for AMT-5, AMT-6B, and
AMT-7, respectively.  The MLD is superposed as dotted lines, and the corresponding
surface chlorophyll concentration is plotted on top of each transect.  During spring of 
1997 (AMT-5), at the location of the chlorophyll minimum (~12oS), the MLD is
shallowest and the solar transmission is largest.  At ~30oS, the MLD is deepest and solar
transmission is significantly reduced due to higher chlorophyll concentration
(>0.3 -3mgm ).  The amount of light that penetrates below the MLD varies significantly,
from 40% at 40oS where the MLD is shallowest (5 m), to 0.35% at 30oS where the MLD
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is deepest (110m). 

Figure 12. Meridional variability of surface chlorophyll (top panel), and normalized downwelling sub-
surface PAR irradiance (bottom panel) from AMT-6B stations.  The dotted line on the bottom panel is the
mixed layer depth in meters. The 0.01 isolume is the Z1% , or the euphotic zone depth.

In the fall of 1998 (AMT-6B), the PAR penetration and the MLD were in phase,
i.e., the solar transmission and RHR increase with the MLD.  At 12oS, the MLD was
60m, the amount of light that penetrated below it was 15%, and the chlorophyll reached
its minimum value (~0.03 mg m-3).  The maximum MLD was 70m at 28oS, where 6% of
the surface light penetrated that depth.  In the spring of 1998 (AMT-7), the penetrating
radiance behaved similar to the conditions found in the spring of 1997 (AMT-5), i.e., the
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MLD and solar transmission were in phase opposition.  The minimum MLD was 7m at
38oS, where 40% of the surface solar radiation penetrated this depth and the surface

Figure 13. Meridional variability of surface chlorophyll (top panel), and normalized downwelling sub-
surface PAR irradiance (bottom panel) from AMT-7 stations.  The dotted line on the bottom panel is the
mixed layer depth in meters. The 0.01 isolume is the Z1% , or the euphotic zone depth.

chlorophyll concentration was greater than 0.2mg m-3.  The MLD reached maximum
values (85m−90m) at three latitudes, 32oS, 17oS, and 9oS, where 2% of the surface solar
radiation penetrated these depths.

The MLDs are larger in spring than fall due to differences in surface heating
minus cooling, and differences in the strength of surface winds.  The water transparency
to visible solar radiation is a function of the chlorophyll concentration.  The transparency
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is lowest in the equatorial and STC regions, and highest at the location of the minimum
chlorophyll concentration.   The solar radiation that reached the MLD was maximum
(40%) in spring near the STC (~40oS) where the MLD was shallowest (5m−7m) and the
chlorophyll concentration was relatively large (>0.3 -3mgm ), and minimum (<2%) where
the mixed layer was deepest (110m) and the chlorophyll concentration was low
(<0.1 -3mgm ).

4.3 Nutrient Distribution

The meridional transects of nitrate, phosphate, and silicate for spring (AMT1, 3,
5) and fall (AMT2, 4) are shown in Figure 14.  The nutriclines for nitrate, phosphate, and
silicate are represented by the 2.0 µM, 0.2 µM, and 1.5 µM white contours, respectively.
All nutriclines have maximum depths near the gyre center and are deeper during fall than
during spring.  For example, the nitrate nutricline has a maximum depth of 177m at 20oS
in the spring and 191m at 24oS in the fall.  This is consistent with the strengthening of the
gyre circulation and Ekman downwelling in the fall (Figure 4).  During AMT-2 and
AMT-3, Marañón et al. [2000] found a significant inverse relationship between surface
phytoplankton growth and the depth of the nitracline.   The location of the deepest
nutriclines depends on the criterion used to obtain them, i.e., the first depth at which the
nutrients reach a prescribed concentration. For example, for the nitrate transect (top plates
in Figure 14) the maximum depth of the 2.0 µM contour (thick white line) is at 20oS,
whereas the maximum depth of the 0.1 µM contour (thin white line) is at 17oS.  This
meridional shift of the contour lines results from the northward tilt of the gyre center
towards the surface.  In the oligotrophic subtropical gyres, the nitrate uptake rate exceeds
the upward diffusive nitrate supply to the biogenic layer [Planas et al., 1999].  This
suggests that the nutrients required to support uptake rates measured in the most
oligotrophic waters are supplied by other mechanisms.  Atmospheric inputs [Gruber and
Sarmiento, 1997], episodic inputs resulting from mesoscale eddy dynamics
[McGillicuddy et al., 1998; Oschlies and Garçon, 1998], and Ekman transport from the
gyre fringes [Williams and Follows, 1998] are the most viable mechanisms contributing
to nutrient demand. 

4.4 Chlorophyll a Distribution

Figure 15 shows the meridional distribution of TChl a in the upper 200 meters for
spring and fall.  The MLD (thin white line) and the 1% isolume contours (thick white
line) are superposed.  Due to the sparse data distribution, all the available data from the
odd-numbered cruises (AMT-1, 3, 5, 7, 11) were used for the spring chlorophyll transect,
while data from the even-numbered cruises (AMT-2, 4, 10) were used for the fall
chlorophyll transect.  The depth of the maximum TChl a concentration follows the depth
of Z1% in the spring, but is shallower than the 1% isolume contour during fall.  The
chlorophyll concentration peaks during spring in the region of highest nutrient
concentration (upper 50m south of 28oS).  This is a region where both MLD and Z1% are
shallow (20-65m).  The shallowest MLD coincides with the deepest Z1% and the
minimum surface TChl a during both spring and fall. This is the location of the clearest
and most nutrient-starved waters in the gyre.  The deep chlorophyll maximum (DCM)



21

within the gyre lies at the crossover between light and nutrient limitations, and the Z1% is
a good indicator of the DCM depth (see Figure 15). There is indication from along-track
flow fields (not shown), that the DCM south of 25oS may be affected by combined
northward Ekman drift (~0.2 cm s-1) and Ekman downwelling (~2−5 cm d-1). This Ekman
circulation may transport phytoplankton from the STF along the DCM, but the flow is too
weak to unequivocally quantify its effect.  

Profiles of TChl a are shown in Figure 16 for two seasons and at five degrees of
latitude increments from the equator to 35oS.  These profiles were extracted from the
meridional transects of TChl a (Figure 15), which were obtained by gridding the station
data with horizontal resolution of 0.25o of latitude and vertical resolution of 1.25m.  A
20-point (half-width of 2.5o and 12.5m) gaussian filter was applied to smooth the sparsely
distributed data (see data points in Figure 15).   From  the  equator  to  25oS,  the  DCM
is generally deeper in the spring (solid lines) than in the fall (dashed lines), and deepest
(80-130m) near the gyre center (15oS-20oS) where the surface TChl a reaches its
minimum.  The DCM is not generally a biomass maximum, but the result of an increased
TChl a to C ratio [Marañón et al., 2000].

5. Bio-Optical Properties

6.1 Bio-Optical Properties of the Gyre Domain

The bio-optical regime within the gyre domain, and its equatorward and poleward
fringes, is analyzed using light penetration properties of PAR.  The meridional variability
of the depth of the 10% (Z10%) and 1% (Z1%) light levels, derived from all available PAR
data from the AMT cruises, are shown in Figure 17. Transition zones, identified by
abrupt changes in the meridional distribution of Z10% and Z1%, are labeled a, b, c, and d.
Starting from the poleward side of the SASG, a and c (30oS−35oS) denote the transition
between the oligotrophic (clear) SASG waters and the mesotrophic (darker) waters of the
Subtropical Convergence (STC).  Some data points at 30oS show an abrupt deepening of
the 1% and 10% light levels, indicating water of very clear nature.  This coincides with
the region where the Brazil Current veers eastward off the coast of South America, which
is of tropical origin and depleted in nutrients.  On the equatorward side, d indicates the
transition between the equatorial upwelling regime (darker waters, shallower Z1%) and the
downwelling region of the SEC (clear waters, deeper Z1%).  This transition zone
coincides with the location of the zero curl of the wind stress (see Figure 6).  Moving
south, the waters of the SEC become more oligotrophic, with the clearest waters located
near 15oS where the Z10% and Z1% reach maximum depth (~55m and ~120m,
respectively).  This is the transition zone (b) between the SEC and the SASG (see T-S
properties in Figure 7).  The SASG boundaries are indicated by b (15oS) and c (30oS) in
Figure 17.
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Figure 14.  Meridional transects of nitrate, phosphate, and silicate for spring and fall.  The thick white lines
represent the nutricline depths.  The thin white lines on the nitrate transects are the 0.1 µM contours.
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Figure 15. Meridional distribution of total chlorophyll a for spring and fall.  The thick white line is the 1%
isolume and the thin white line is the mixed layer depth.

Figure 16. Vertical profiles of TChl a for spring (solid lines) and fall (dashed lines) at eight selected
latitudes. 

6.2 Relationship between Bio-Optical Properties and Ocean Color Remote Sensing

6.2.1 Total Chlorophyll a

A comparison of chlorophyll estimated by the SeaWiFS Ocean Chlorophyll 4
version 4 algorithm (OC4v4, [O'Reilly et al., 2000]), using in situ measurements of
reflectances, and the HPLC chlorophyll measurements, is provided here to demonstrate
the robust nature of the algorithm and accuracy of the bio-optical data.   The fourth order
polynomial equation for the OC4v4 algorithm is:
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Figure 17. Meridional Variability of the depth of the 10% (Z10%) and 1% (Z1%) light levels.  Transition
zones, identified by abrupt changes in the meridional distribution of the Z10% and Z1%, are labeled a, b, c,
and d (see subsection 6.2).

2 3 4
4 4 4 4(0.366 3.067 1.930 0.649 1.532 )

TChl 10.0 S S S SR R R R
a

− + + −
= (2)

where TChl a is in mg m-3, 443 490 510
4 10 555 555 555log ( ),SR R R R= > > and the argument of the logarithm

is a shorthand representation for the maximum of the three values, and 2

1
Rλ
λ represents the

remote sensing reflectance ratios at wavelengths λ1 and λ2.
Figure 18 shows a comparison between the chlorophyll estimated by the OC4v4

algorithm using observed reflectance ratios at the SeaWiFS bands (443, 490, 510, and
555 nm), and the corresponding HPLC-derived chlorophyll values.  Only data collected
between the equator and 40oS were used in the analysis.  The optical data is more
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abundant than the HPLC-derived chlorophyll, i. e., for each chlorophyll measurement
there are multiple observations of reflectance at different times during each station.  This
is the reason for the vertical stacking of the data points, as exemplified inside the dashed
circle in Figure 18.  There is a good match between the two methods to derive
chlorophyll concentrations. There is no identifiable bias in the scatter plot (data lies
evenly distributed around the 1:1 line), except for the low end of the chlorophyll scale
where a cluster of values show OC4v4 values twice as high as those from the HPLC
method (0.04 and 0.02, respectively).  The meridional distribution (0−40oS) of surface
chlorophyll, obtained from the two methods described above (OC4v4 and HPLC), is

Figure 18. Comparison between HPLC-derived Tchl a and Tchl a from the SeaWiFS OC4v4 algorithm
using in situ measured reflectances.  The dashed circle highlights the "stacking" of data points due to a
single TChl a measurement paired with several optical measurements (reflectances).
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shown in Figure 19.  There is good agreement between the data derived from the two
methods, and both data sets clearly show the transition zones discussed in subsection 6.1.  

6.2.2 Diffuse Attenuation Coefficient

The SeaWiFS algorithm for the diffuse attenuation coefficient, K(490), was used
in conjunction with observed normalized water-leaving radiances (LWN) at 490 and
555nm to conduct an evaluation of its performance. The values derived with the
algorithm were compared with the in situ Kd(490) values.  Observed water-leaving
radiances and in situ Kd(490) originate from cruises AMT-1 through AMT-8.  Data from
the entire transects (UK to the Falklands) were used.  The SeaWiFS algorithm [Mueller,
2000] is given by:

1.5401
1,

(490) -(490) 0.016 0.15645 where (490) is in m
(555)

WN

WN

L
K K

L

−
 
 
  

= + (3)

Figure 20 shows a comparison between the in situ Kd(490) and the corresponding
K(490) values derived from the SeaWiFS algorithm.   The algorithm performs well for
K(490) values greater than ~0.035 m-1,  but significantly overestimates K(490) below that
value, i.e., in very clear waters of the oligotrophic SASG.  Based on this result, the
SeaWiFS diffuse attenuation algorithm should be revisited in the next SeaWiFS
reprocessing to improve its performance in oligotrophic waters.

7. Seasonal Variability of pCO2

Subtropical gyre pCO2 can be fairly well reproduced using SST data [Lefevre and
Taylor, 2002; Nelson et al., 2001].  Using a combination of a one-dimensional ecosystem
model and observations from ships of opportunity, Lefèvre and Taylor [2002] developed
pCO2-SST relationships for the North Atlantic and South Atlantic subtropical gyres.
Data from AMT-2,7 (west side of the gyre) and St. Helena (east side of the gyre) cruises
were used for the SASG pCO2-SST relationship.  Lefèvre and Taylor [2002] constructed
an algorithm including SST, latitude, longitude and atmospheric pCO2 for two periods,
one from February to July and another from August to January.  We used the SASG
algorithm to analyze the seasonal variability of pCO2 in the region.   The two
relationships for the SASG, with multiple regression coefficient r=0.99 and valid for the
region within the points 35oW, 10oS; 10oW, 10oS; 0oW, 30oS; 35oW, 30oS (shown in
Figures 21, 22, and 23), are:

From 1 March to 31 July:
2 2CO =14.07×SST-1.60 Lat+1.54 Long+0.78 Atm_ CO 258.49p p× × × − (3)

From 1 August to 29 February:
2 2CO =13.74×SST-1.66 Lat+1.57 Long+0.84 Atm_ CO 267.81p p× × × − (4)
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Figure 19. Meridional distribution of surface TChl a.  The white circles indicate values obtained with the
HPLC method, while the black circles show the TChl a derived from the OC4v4 algorithm using in situ
reflectances.  The transition zones, defined by abrupt changes in TChl a, are labeled a, b, c, and d.

Lefèvre and Taylor [2002] compared estimates of pCO2 derived with Equations 3
and 4 along the AMT and St. Helena transects with the underway pCO2 measurements.
The model generally predicts the latitudinal trend for each transect, but systematic biases
are evident for AMT-2 (-20 µatm) during May 1996, and St. Helena for April (+5 µatm)
and June (+3 µatm) 1995.  There is no algorithm bias for AMT-7 (October 1995). Lefèvre
and Taylor [2002] suggest that a possible explanation is the scarcity of data in the SASG
and repeated transects at a more central location are needed to determine if a more robust
algorithm can be constructed for the region.  To improve the model predictability, we
applied a bias correction to Equations 3 and 4.  At the westernmost longitudes, the
correction is –20 µatm in May and zero in October.  A linear interpolation provided the
bias values for the other months.  A linear correction was applied west to east to account
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Figure 20.  Scatter plot of in situ (Kd(490)) versus algorithm-derived (K(490)) diffusion attenuation
coefficients.  The blank circles were derived from reflectances measured on cruises AMT-1, 2, 3, 4, 5, 7,
and 8, while the filled circles were derived from reflectances measured on AMT-6 only.

for the zonal variability of the pCO2 bias.  The total bias correction (ε) as a function of
month (mo) and longitude is:

w
w e w

e w

[lon-lon ]ε(mo,lon) ε (mo)+[ε (mo)-ε (mo)]
[lon -lon ]

= (5)

where the subscripts w and e denote the west and east transect locations.  
A continuous time series of pCO2, from July 7, 1991 through December 31, 2001,

was constructed using Equations 2 and 3, and weekly SST and interpolated atmospheric
pCO2 data.  The predicted pCO2 was corrected using Equation 5.  Seasonal ∆pCO2 
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(Atm_pCO2 – pCO2) averages for summer (Dec 1 – Feb 29), fall (Mar 1 – May 31),
winter (June 1 – August 31), and spring (September 1 – November 30) were computed
for the 10 year period (1992-2001).  The seasonal surface distributions of sea-air ∆pCO2

are shown in Figure 21.  The polygon superposed on the seasonal ∆pCO2 distributions
delimits the region for which the pCO2-SST algorithm is valid, which is the region
defined as the SASG by Lefèvre and Taylor [2002].  This region excludes the Benguela
and Brazil currents.  

The seasonal cycle of ∆pCO2 in the SASG is large.  During the austral summer
and fall, when SST is warmest, the SASG is oversaturated, with ∆pCO2 values as large as
35 µatm. The southwest corner of the region begins to undersaturate during fall with
∆pCO2 values of  -15 to –5 µatm.  During winter and spring, the SST drops by ~4oC on
average and the region becomes undersaturated with ∆pCO2 values ranging from 0 in the

Figure 21. Seasonal maps of ∆pCO2 predicted with the algorithm of Lefevre and Taylor [2002].  The
region within which the algorithm is valid is shown by the superposed polygon.

northern boundary to –60 µatm in the southern boundary.  Lefèvre and Taylor [2002]
compared the pCO2-SST relationships from the algorithm and observations in the SASG
with those deduced from the CO2 climatology of Takahashi et al. [1997] by Lee et al.
[1998].  From May to August, SST decreases in the gyre and the corresponding increase
of pCO2 found by Lee et al. [1998] disagrees with the algorithm and the observations,
both of which show a pCO2 decrease. Lefèvre and Taylor [2002] attribute the
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disagreement with Lee et al. [1998] to their shortage of data in the SASG and the method
used to produce the climatology.

8. Sea-Air CO2 Flux

A continuous time series of sea-air CO2 flux was constructed using the ∆pCO2
time series derived from the pCO2-SST algorithm, and 5-day SSM/I winds interpolated to
the central times of the weekly SST data.  The sea-air CO2 flux, F (mol C m-2 yr-1), was
calculated according to:

o 2F=K COk p∆ (6)

where Ko is the CO2 solubility (mol kg-1 atm-1), k is the transfer velocity for CO2 sea-air
exchange.  Solubility was calculated according to Weiss and Price [1980], using the
Reynolds SST fields and monthly climatological salinities from the World Ocean Atlas
1998 [Conkright et al., 1998].   Following Wanninkhof [1992], weekly transfer velocities
(cm h-1) were computed according to:

     2
10

1
2Sc0.31U

660
k

−
 
 
 

= (7)

where 10U is the 10-m SSM/I wind speed and Sc is the Schmidt number computed
according to Wanninkof [1992] from the Reynolds SST fields.  

Mean seasonal maps of wind speed and sea-air CO2 flux are shown in Figures 22
and 23, respectively.  Mean wind speeds do not vary significantly from season to season,
but there is some meridional variability.  They range from 5 m s-1 in the southernmost
part of the SASG to 7-8 m s-1 in the northernmost part (Figure 22), which is the region of
the trade winds.  The seasonal maps of sea-air CO2 flux (Figure 23) show a pattern very
similar to the seasonal distribution of ∆pCO2 (Figure 21).  Outgassing occurs in summer
and fall when the ocean is oversaturated, and ingassing occurs in winter and spring
during the undersaturation period.  Maximum outgassing occurs during fall with warmest
SSTs, while the maximum ingassing occurs in winter-spring when SSTs are coldest.
Time series of SST, pCO2, ∆pCO2, wind speed, and sea-air CO2 flux for the period of
July 7, 1991 to December 31, 2001, are shown in Figure 24.  The SST [Reynolds and
Smith, 1994] and wind speed (SSM/I) are observed values, while the pCO2, ∆pCO2, and
sea-air flux are predictions using the algorithms. The time series were obtained from area
averages for each parameter, calculated for the SASG region defined in Figures 21, 22,
and 23.  A distinct SST seasonal cycle is evident with warmest temperatures in February-
March and coldest temperatures in August-September.  The seasonal cycle of SST is in
phase with the pCO2, ∆pCO2, and sea-air flux seasonal cycles. 

The secular trend is superposed on the pCO2 time series.   The ocean pCO2

secular trend of 1.55 µatm yr-1 is not significantly manifested on the ∆pCO2 time series as
the ocean and atmosphere are in equilibrium at the slow rate of change of the secular
trend.  Some interannual variability is noticeable in the SST record, and consequently
imparted on the ∆pCO2.  For instance, the coldest summer SSTs occurred in 1997, which
caused the lowest ∆pCO2 of the entire record.  However, the interannual changes seen in
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the sea-air flux record are mainly caused by wind speed variability from year to year.
This is a consequence of the higher frequency variability on the wind speed record, and
the quadratic wind-speed dependence of the sea-air flux.   

Figure 22.  Seasonal maps of wind speed. The region within which the algorithm is valid is shown by the
superposed polygon.

The net sea-air CO2 flux for 1992-2001 is +0.014 mol C m-2 yr-1, or +0.001 Gt C
yr-1.   Therefore, the SASG is a very weak source of carbon, in contrast with estimates for
the North Atlantic subtropical gyre (NASG), which is a net sink of carbon with an annual
uptake of –0.04 Gt C [Nelson et al., 2001].  The net uptake of carbon in the NASG can be
explained by colder winter SSTs when compared to the SASG.  Using the NASG
boundaries of Lefèvre and Taylor [2002] and weekly Reynolds SSTs, the mean 1992-
2001 winter SST is 21.6oC, which is about 1oC colder than the SASG mean winter SST
of 22.7oC.  At a pCO2-SST sensitivity of 4%/oC [Lefevre and Taylor, 2002] and a mean
winter pCO2 of 346 µatm,  the 1oC translates into –14 µatm.  Therefore, at the SSTs of
the NASG, the SASG would be much more undersaturated in winter and very likely
become a net sink of carbon.   In addition, based on the SSM/I winds, the mean squared
winter speeds are slightly higher in the NASG ( 2

10U =42.5 m2/s2) than they are in the
SASG ( 2

10U =41.5 m2/s2), which is another source for the difference.  
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Figure 23. Seasonal maps of sea-air CO2 flux predicted with the pCO2 algorithm of Lefevre and Taylor
[2002] and the gas exchange algorithm of Wanninkhof [1992].  Positive fluxes are towards the atmosphere
(outgassing).

A third possible source for the difference is the larger atmospheric pCO2 in the
North Atlantic.  Based on the meridional interpolation of three long-record stations, Cold
Bay (50oN), Mauna Loa (19.5oN), and South Pole (90oS), the annual atmospheric pCO2
concentrations at 28oN and 28oS, near the coldest SSTs of the gyres (near the subtropical
fronts) where ingassing is largest, are 354.4 µatm and 352.9 µatm, respectively.
Therefore, the atmospheric pCO2 at 28oN is 1.5 µatm higher than the atmospheric pCO2
at 28oS, which may contribute to the sign difference between the sea-air flux of the two
gyres.  The peak-to-peak seasonal variability of the atmospheric pCO2 is also larger in the
NASG.  At 28oN the peak-to-peak variability is 5.7 µatm, while at 28oS it is 3.7 µatm
[Signorini and McClain, 2002].  However, the higher SST (difference of 1oC) in the
NASG has a much larger effect on the sea-air flux via the 14 µatm reduction in ocean
pCO2, than the 1.5 µatm difference in atmospheric pCO2 between the two gyres.
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Figure 24. Time series of weekly SST (Reynolds and Smith, 1994), predicted pCO2 and ∆pCO2, SSM/I
wind speed, and predicted sea-air CO2 flux.  The line on the pCO2 time series is the secular trend.

 
9. Summary and Conclusions

Hydrographic, nutrient, pigment, and optical in situ data from AMT cruises, in
conjunction with SeaWiFS ocean color data, were used to characterize the
biogeochemical boundaries, the phytoplankton communities, and the bio-optical
properties of the SASG.    Chlorophyll values measured with the HPLC method were
compared with those obtained from measured reflectances and the use of the OC4v4
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SeaWiFS algorithm.  A pCO2-SST algorithm [Lefevre and Taylor, 2002] was used to
analyze the seasonal variability of ∆pCO2 and sea-air CO2 flux in the SASG.  The main
results of our study may be summarized as follows.

• The gyre boundaries were determined by a combination of water mass analysis,
dynamics of the major currents, and meridional bio-optical gradients.  The meridional
extent of the SASG lies between 15oS and 30oS.

• The waters of the central SASG are characterized by a deep pycnocline (140−180m)
and nitracline (180−190m), warm SSTs (>24oC) and high SSS (>37.0), mixed layer
depths shallower by 50−80m than the nitracline, and nitrate (0−0.1 µM) and
phosphate (0−0.1 µM) concentrations mostly below detection near the surface.  The
silicate concentration near the surface (0.3−1.7 µM) is relatively high, indicating that
phytoplankton growth in the central SASG is mostly phosphate and nitrate limited.
The deepest euphotic zone depth is 130m.  The average surface chlorophyll
concentration  is low (0.07 mg m-3) and the DCM is deep (80m−130m).

• The circulation of the SASG is closed in the south by the South Atlantic Current
(SAC).  The eastward-flowing SAC is distinct from the Antarctic Circumpolar
Current, and is separated from it by the Subtropical Front (STF) [Peterson and
Stramma, 1991].  At the longitude of the AMT cruises the STF is located near 40oS.
Between 30oS−40oS, the pycnocline and nitracline outcrop to the surface, the mixed
layer and euphotic zone depths are shallower by 20−60m than at the gyre’s center,
and the nutrient (NO3=2.1 µM, PO4=0.2 µM, SiO2=1.1 µM) and chlorophyll (0.5 mg
m-3) average concentrations in the upper 50m are characteristic of mesotrophic
waters. 

• The SASG is bounded to the north by the southern branch of the South Equatorial
Current (SEC).  Near 30oW and 10oS, an area sampled by the AMT cruises, the SEC
bifurcates into the northwestward-flowing North Brazil Current (~2/3 of the
transport), and the southward-flowing Brazil Current (~1/3 of the transport) [Stramma
et al., 1990].  Below 100m, the SEC region is identifiable by the strong subsurface
meridional gradients of temperature and salinity between 5oS−15oS.  Above the
thermocline (~100m), there is a pool of warm equatorial water with temperatures
within 26-28oC.  The MLD ranges from 20m in the fall to 80m in the spring.  Within
this latitude band, the nutrient concentrations for NO3, PO4, and SiO2, with averages
of 7.8 µM, 0.7 µM, and 3.2 µM between 100−200m, have meridional gradients
coherent with T and S.  The equivalent NO3, PO4, and SiO2 average concentrations
within the upper 100m are 0.04 µM, 0.09 µM, and 0.88 µM, respectively.  The
average surface chlorophyll for this region is 0.07 mg m-3 and the DCM ranges from
70 to 120m, which is a response to low nitrate and phosphate concentrations in the
euphotic zone (90−130m) imposed by the limited vertical mixing (MLD=20−80m).

• A comparison between the chlorophyll estimated by the OC4v4 algorithm, using
observed reflectance ratios at the SeaWiFS bands (443, 490, 510, and 555 nm), and
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the corresponding HPLC-derived chlorophyll values, revealed that there is no
identifiable bias between the OC4v4 algorithm and the data.  However, a bias was
identified in very clear water between the measured diffuse attenuation coefficient at
490nm (K490), and the corresponding K490 values from the SeaWiFS algorithm, with
the measured values being lower than the algorithm between the equator and 24oS.

• The penetrating solar radiation is a function of MLD and chlorophyll concentration.
The MLDs are larger in spring than fall due to differences in surface heating minus
cooling, and differences in the strength of surface winds.  The water transparency to
visible solar radiation is a function of the chlorophyll concentration.  The
transparency is lowest in the equatorial and STC regions, and highest at the location
of the minimum chlorophyll concentration.   Solar penetration is maximum (40%) in
spring near the STC (~40oS) where the MLD is shallowest (5m−7m) and the
chlorophyll concentration is relatively large (>0.3 -3mgm ), and minimum (<2%)
where the mixed layer is deepest (110m) and the chlorophyll concentration is small
(<0.1 -3mgm ).  Thus the highest penetration radiation is not coincident with the
lowest TChl a concentrations.

• The seasonal cycle of sea-air ∆pCO2 is quite large in the SASG (-25 to +45 µatm),
but the mean sea-air CO2 flux is small (+0.014 mol C m-2 yr-1).  There is a significant
contrast between the North Atlantic and South Atlantic gyres.  While the North
Atlantic gyre is a net sink of carbon with an annual uptake of –0.04 Gt C [Nelson et
al., 2001], the South Atlantic gyre is a weak source of carbon with an annual outflow
of +0.001 Gt C.  Colder winter SSTs and stronger winds in the North Atlantic gyre
are the main reason for the difference.
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APPENDIX A

Anomalous High Chlorophyll Event in the Fall of 1996
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During the fall of 1996 (AMT-2), an anomalous chlorophyll concentration event
occurred between 20oS and 30oS along the AMT cruise track.  Except for the AMT-2
cruise, during which chlorophyll concentrations reached values above 0.2 -3mgm ,
chlorophyll concentrations at that latitude band were always below 0.1 -3mgm .  This is
shown in Figure A-1, which compares the meridional variability of near surface
chlorophyll during AMT-2 with the corresponding variability during AMT-4.  Both 

Figure A-1.  Surface chlorophyll concentration as a function of latitude.  The top plot shows data from
AMT-2, while the bottom plot shows data from AMT-4.  The blank circles correspond to underway
observations and the filled circles correspond to station data.  The lines are low-pass-filtered renditions of
the data.
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underway observations (blank circles) and near surface station observations (filled
circles) show the striking difference between the two transects between 20oS and 30oS.  

Figure A-2.  Meridional variability of along-track (AMT-2 top, AMT-4 bottom) Ekman
upwelling/downwelling (we) and mixed layer depth (MLD).

The meridional variability of the local physical forcing, e.g., the Ekman vertical
velocity (we) and MLD, is shown in Figure A-2 for both AMT-2 and AMT-4 cruises.
Between 20oS and 30oS, local physical forcing for AMT-2 clearly shows an increase in
MLD from 50m outside this latitude range, to near 75m within that range.  This 25m
increase in MLD occurred during neutral Ekman forcing (we=0).  The spatial coherence
between the increased MLD and the elevated chlorophyll concentration seems to indicate
that local mixing was the primary mechanism for the anomalous event.

An anomalous elevated chlorophyll event also occurred during AMT-4 (Figure A-
1), but with chlorophyll concentrations (>0.1 -3mgm ) not as high as those recorded
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during AMT-2.  This event occurred between 14oS and 22oS and coincided with deep
local mixing (MLD of 75 to 90m), but concurrent with the strongest Ekman downwelling
along the transect (Figure A-2).  The interplay of deep mixing with strong downwelling
seems to be the cause for the attenuated high chlorophyll event during AMT-4.
Unfortunately, there are no concurrent satellite ocean color images to further analyze the
extent and duration of these events.  An analysis of SeaWiFS data (September
1997−August 2003), revealed that there were no similar events occurring during the 6
years of available ocean color data.  This finding is an indication that the event that
occurred in the fall of 1996 is somewhat rare.
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